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Ovt'r  the  past  decade  a large  body  of  experimental  evidence  has  accumulated 
showing  the  positive  influence  of  electric  currents  on  bone  metabolism. 

It  is  evident  that  modeling,  remodeling  and  repair  are  regulated,  through 
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1.1  ST  OK  KICUKKS  AND  TAlil.KS 


Top  viow  of  iloj;  oranliim  iailicatlo^  the  j^iMieral 
ar  ra»p,enietit  of  the  elftlit  hone  defeet -elect  roiie 
pair  eomplexes,  Kueh  complex  ciMislsts  of  a 
central  ilefect  U mm  square  stradiileii  by  two 
remote  electrodes.  The  left  depicts  tha  balanced 
electrode  system  and  t!ie  rlsht  the  unbalanced 
electrode  system.  The  i-lectrical  circuit  of  eaih 
I'onqtlt'x  is  completely  isolated  fri>m  the  i-irciilt 
of  other  complexes  and  from  ground,  limiting  the 
I'lirrent  flow  between  a p.irticular  electrode  pair 
to  a uniform  density  through  the  as.soc  i.it  ed 
defi'ct  without  spread  to  neighboring  sites. 

Power  supply  - Schematic  diagrams 

C.omparison  ot  circumscribed  surglc.il  defects 
h.irvi'Sted  71  days  post  wounding.  Kiguri'  lA 
received  1.0  micro.arapere  D.O.  fi>r  21  const'- 
cutlve  days  post  wounding.  Figure  IB  was  not 
e lect  r ica  t tv  st  imu  l.ited  . 

(.’omparison  of  c I rcmsc  r 1 beii  surglc.il  defects 
harvest  I'd  42  days  post  wounding.  Kiguri'  4A 
reci'ivi'd  1.0  microampere  D.C.  lor  21  I'onse- 
cut  Ive  days  post  wounding.  Figure  4B  was  not 
»'  U'c  t r 1 ca  1 1 y s t i mu  1 ;» ted. 

Oomp.i  r i son  of  circumscribed  surgical  delects 
h.irvi'sti'd  84  days  (uist  wounding.  Figure  SA 
receivi'd  1.0  microampere  D.C.  for  21  conse- 
cutive davs  post  wounding.  Figure  SB  was  not 
i'  1 ec  l r 1 c a I 1 y s t i mu  I a t ed  . 

Sections  of  calvarium  harvested  21  days  post 
electrode  implant.  Figure  bA  received  1.0 
microampere  D.C.  for  21  consecutive  days 
post  electrode  implant.  Figure  bB  was  not 
St imu 1. 1 ted . 

Sections  of  calvarium  harvested  42  days  post 
electrode  implant.  Figure  7A  received  1.0 
microampere  If.C.  for  21  consecutive  days 
post  electrode  Implant.  Figure  7A  was  not 
St imu lated . 
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StM  tiiMis  I't  (',1 1 v.ir  iiim  li.ii  Vfsi  .m1  8m  .I.ivs  |»'st 
.•  I iM- 1 iiulf  impl.iiit.  Kluiii'i'  8A  r.MM'lviMl  l.D 

m i r.i.im|U' ri“  ().('.  I.u'  .’1  .miiisimmu  iv<“  .I.ivs  |n'sl 
I .M' 1 1 inl.‘  inipl.inl  .iiul  w.is  t.iki'ii  1 r.mi  tlif  ..'iil.T 
I't  till'  i mi'll . I'iniiit'  Sit,  t rum  t h.'  s.im.' 

s|H'.' iiiu'ii,  is  t.iki'i)  I r.im  iis  l.iti'i'.il  I'llgi'. 

t\imii.ir  1 s.'n  nt  si'.  tl.nis  I'l  I'.i  I v.ir  turn  li.i  r v.'S t I'.l  .' t 

1 (>8  li.ivs  p.'st  i' 1 t'l- 1 i .hIi'  Impl.iiit.  Si'1'tii'n  DA 
r.'i'i' i vi'.l  1.1)  mii  iM'.imp.'ri'  D.t^.  I.'f  .’1  .'nns.'.  iit  ivi' 
il.ivs  p.'st  impl.iiit.  Si'iti.'it  Dll  W.IS  n.'t  si  limi  l.it  .'.1 . 
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in  till'  il.ii;  i';i  1 v.ir  liim  iiiuli'r  tlirt'o  .'llli'ii'iit  I'lirri'iit 
li'v.'ls  I't  i' I I'l' f r i iM  1 St  imii  Kit  inn  nn.l  i liro.' 

.'  1 I'l’ t roili'  pos  i t inns  . 

ilnnip.ir  isnn  nt  ilirmt  lurii'iit,  piilsml  illrmt  I’lirmut  D 
.Hill  .1 1 1 i-rn.it  inn  inrri'iii  .it  t lii'  l.D  m i .•  rii.impi'ii' 

I I'Vl'  I . 
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(l.D  mliiii.impnin)  In  n I r iiimsi’ r i liml  siir  p,  i n.i  I ilnlnits 
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Dump. ir  i son  nt  I'lirrmit  .i\ip  1 i n.it  inn  at  v.irimt  t (nin  11 

intnrv.ils  iliirinp  tlin  rnparat  ivn  pronnss. 

Di'iiip.ir  i son  nt  I'virri'nt  .ipp  1 in.it  inn  at  v.iriml  t inu'  I .) 

intnrvals  iliirinp  t lin  rnp.irat  ivo  pronnss. 

itniii'  appusitinn  in  n irniimsnr  ibnil  siirpinal  ilntnots  27 

rnnnivinp  D.OI  minri'.impi'ri'  ilirnnt  I'lirrnnt  iliirinp 
tlirnn  ilistinnt  t imn  pnrinils  nt'  t lin  rnparat  ivn 
pr»>4'i'ss . 

itnnn  .ippnsition  in  i' i rniimsnr  i Imil  siirpinal  ilninnts  27 

ri'i'i'ivinp  D.DI  miirn.impnrn  ilirnnt  niirn'iil  (piilsml) 
iliirinp  tlirnn  iHstinnt  t imn  pnrinils  nt  t lin 
rnp.irat  Ivn  prnnnss . 
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1, 1ST  OK  KIOUKKS  AND  TABl.KS  (loiu  . ) 


Hotu*  i { ion  ill  !•  i fi'iimstT  thi'tl  siirnii'nl 

iK'tiH'ts  riH'oivin^*  0.01  miiTi'.jmi'iTo  <il  t orn.it  Ing 
rum-m  during  throe  distinct  time  periods  ol 
the  I op.'irat  i VO  priu-oss. 

Bi'no  .i|'pos  i t i iMi  in  c ircnmscr  ibod  surgical 
ilofot-ts  rocoivin^;  0.001  mict  o.imporo  dlroit 
cnrront  during  throe  distinct  time  periods  ol 
the  repar.it  ive  process. 

lli'iii'  .ippi'sition  in  circumscribed  surgical 
det»‘cts  reci'ivinn  0.001  microamiu're  direct 
current  (pulsed)  during  three  distinct  time 
pi'rlods  of  tile  rep.'iratlve  process. 

Hone  .ippi'sition  in  circumscribed  surgic.il 
detects  reieivlng  O.OOl  microamiu're 
aitern.iting  current  during  three  distinct 
time  pi'riods  of  tiu'  repar.it  ive  process. 
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II  i i)i' I t r i i' i t V is  I iMiiui  to  In-  ol  .uro.it  impor  t ami'  lit  Iho  control  ol  mimoriMis 
pi  Kfissi's  aimnip,  wtiiili  aro  siuh  liivorst'  plu'iionuiia  as;  s t iinn  1 at  1 on  ot  t ho 
sviitliosis  I'l  mao  romo  I ooii  1 os  , 1 imh  rop,o'torat  ion  , hono  wonmi  hoaHnu,  nu>iii‘linp, 

ol  hono,  tliiomhi'sis  loimation,  aiui  ooil  monihraiu-  fimoti(>ns  (1-a). 

This  listiny;  is  hv  no  moans  inolnsivo.  t'nr  I'onoorn  hori-  is  with  t ho 
inllnoiu'o  whioh  i-lootrioal  ivirronts  h.ivo  on  tioalinyt  hotu*  wounils.  A numhor 
ol  la'pofts  ili-monsl  rat  o olootrii'  potontials  )>ri'sont  in  mammalian  hono  in  vivo. 
Ili'iu";,  will'll  siihjootoil  to  mi'i'han  ioa  1 stri’ssi's,  oxhihit  minnto  olootrlo  pot  on- 
lials  in  prooiso  pi'omot  r ioa  I oorrolation  1 1>  t ho  moohanioal  toroos  ot  ilolor- 
I'lation.  Anothof  ol.iss  ol  potontials,  t lu-  statio  or  st.iiulinj;  potontials, 
also  oxists  assooiatoil,  it  is  thought,  with  lilo  nrooossos  ot  t ho  oollnl.ir 
populations  ol  t ho  hono  tissno  (h.lO). 

rho  ahovo  ohsorvations  havo  providoil  ini|>oti)s  to  m.inv  i nvos  t ip,.' t or  s involvoil 
in  Iho  stnilv  ol  both  phvsiolopv  anil  tho  hiMlinp  ol'  woiinils  to  .ipi'lv  onrronts, 
both  a 1 1 ornai  ini;  ami  iliroot.  nsinp  a wiiio  ranpo  I't  onrroiit  ilonsitv  to  a 
v.irii'tv  ot  woiinils  (11-18').  Varvinp  iloproos  of  siioooss  havo  boon  roporti’il 
basi'ii  mion  o 1 .iss  i o.i  1 hiolopio.il  .imi  olinioal  oiuipoints  whioh  inolmio 
"bro.ikinp,  s t ron.i;  t h" , 'bomlinp  stronpth",  (tonsilo  ami  oomprossion  stri'npth), 
rad  i op.r.iph  i o ova  I ii.it  ton  of  tho  rosnltant  oallons  and  h i s t o 1 og  io.t  1 I'samin- 
, It  ion  in  ti.ird  tissno,  tho  tonsilo  stronp.th  of  tho  so-o.i  1 I t'd  siar,  p.niss 
iiispoi  I ion  .ind  miorosoopio  ox.imin.it  ion  ol  tho  soar  in  soft  t issiio.  'I'lioso 
b i o 1 up,  i I .1 1 I'lidpoints  .iro  ol  nndlsi'iitod  v.ilno  but  vlold  pii.i  1 i t .i  t i vo  or,  .it 
host,  'lomi -ipi.iiit  i I .It  i VO  rosults  whioh  do  not  furnish  .i  diri'ot  aiiswor  to 
l ho  ipiostioii  ol  wtiothor  or  not  tho  .ipp  1 i oa  l i on  ol  ourri'iil  doos  .looolor.ito 
or  onh.inoo  hono  .ipposition.  Kiirthor,  it  is  ro.ison.iblo  lo  assumo  th.il  withoui 
ool  loot  ion  ot  qu.ml  i t .It  i VO  d.ita  th.it  o.in  bo  subjoiti'd  to  st.itlslio.il  .inalvsis 
tho  undor  s t .mil  i np,  of  tho  moohanism  bv  whioh  .looo  1 or.i  t ion  or  onhanoonioni  of 
iho  rop.ir.it  ivo  proooss  ri'sultlng  from  tho  .ipp  1 io.it  ion  of  olootrioal  ourront 
oil  Ilfs  will  bo  impossiblo. 

Our  loons  ol  stiidv  is  tho  ipi.in  t i t .1 1 i Vo  domons  t r.i  t i on  ol  oxop,onous  olootrio 
oiitroiil  onb.inoomont  ol  hono  wound  ho.illnp,.  Atli’i'  i(  was  os  t .ib  1 i slu'd  th.il 
.III  o I ot  .1 1 oil  ho.iliiu;  oooiirrod,  it  booamo  m.inifostiv  imiiort.int  to  find  out 
wh.il  oonditioiis  ol  omplovmont  would  optimizo  t lu'  ofti'Ots  ol  oxop.i'nous 
i iirronts.  Tinu-  of  .ippl  io.it  ion,  wavo  forms  and  olootrodo  oont  lgur.it  ion  woro 
ov.iluatod  qii.int  i t .It  i VO  1 V and  ipia  1 1 ta t i vi' 1 v in  v_iv_o  .and  in  vitro. 
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Ovi'i  I hi'  I'.i'.t  ili’i'.uli'  .1  |)>hIv  ot  Imciil  .1 1 fv  i ilcnio  li.is  .iiiiimii  1 .it  cil 

'.lii'W  i 11)',  till’  I'K'.itlvi'  i lit  I iii'iu  i-  ol  I'li'i'tlti'  I iitTi'iit  s I'll  ln'iu'  nil' t .i("i  1 i sm 
tl't  It  is  lAiili’iii  ih.it  nil'll  i' 1 i III’ , I I'liii'ili' I i 11)’.  .Hill  fi’p.iir  .iti-  rt’v.ii  1 .it  I’ll 

t III  I’lip.li  l'i'iu'’s  I' ii’.'i’i- Ii  r I I ii  pri'i'r  r t i I’S  .is  nu’i  li.in  i r.i  1 t t .iiisiliiiiTs  in  .i 

I li’siil  li'i’i'  si'.ti'm  In  s i 1 11,1 1 1 oils  wlu’io  onh.iiii  onu’iit  ot  noini.il 

tinntion  ol  the  I 1 .iiisiiin  or  svstom  is  ili’S  i r .ih  1 o , vl/  liuriii)’,  hoiio  roi'.iir,  it 

woiilil  t'o  .iilv.int  .i)tooiis  to  iiso  .111  i‘xo);oiions  sonroo  ot  olootrio  onrroiit  . 

Olio  ninsi  ki'op  in  iiiiiiil  th.it  t hofo  is  .1  iliii’ot  (lositivi'  oorrol.itton  in  .1  itivon 

I’oiio  ot  portion  tlioroot  hotwoi'ii  t lio  .imoiint  ot  0.1  lo  i I i I’ll  tissiio  (as  lioiormiiioii 
I'v  hoiu’  .isli  V. linos)  .iiul  t lu’  ooiiipt  OSS  ion  or  "hro.ikiiiK  stron.itth"  (1’7-J8).  It 
lollows  I rom  this  th.it  tho  iio)',ri’i'  ot  hono  ho.iliii)’,  is  .ilso  iliroot  Iv  rol.itoil 
to  tho  i|ti.intilv  I'l  hi'iio  hoiii)’,  I or  moil  in  t hi’  wouiiil . Tho  r.ito  ol  hoiio  pro- 

iliiv  til’ll  o.in  ho  iliiootls'  ilot  ormiiuil  hv  t ot  r.io  Vi  1 i no  1 .ihi’ 1 i ii>; . 

j In  piovions  .mnii.il  roports  wo  h.ivo  shown  th.it  t hi'  .ipp  1 i i .1 1 i on  ot  oxoi’.onons 

oiiiionts  ,iioo  I or.it  os  tho  top. lit'  ot  woinuls  in  hono.  1 11  .iiUiitioii  t hoso  roports 
li.ivo  violiloil  il.it.i  siip.p.i’st  ill);  wli.it  I'Oiiii  i t ions  mi);ht  ho  iiioro  ol  t i o.io  ions . I'nr 
prosi’iit  ro|iort  i-xti-iiils  thoso  provions  ohsorv.it  ions  .iiul  ost.ihlishos  t iiom 
ipi.in  I i t .1 1 i VO  I V . ijnost  ions  r o);arii  i ii);  tho  rol.itivo  .iiiv.int  .ivtos  or  li  is.uiv.int  ai’.os 
ot  oloi'troilo  i-i'iit  ivtnr.it  ion,  w.ivi’  torms  .nul  t imo  ot  .ippl  ioat  ion  wi'ro  spi’oiti- 
I'.illv  ilo.ilt  with  ill  this  sorios  ot  oxpor  imont  s.  Tho  i|iiostion  posoil  in  tho 
provions  .innn.il  ronort  ro,i;aril  i ii.i;  possit'lo  moo  h. 111  i sms  hv  wliioh  ropair  oith.inio 
J mont  I'll  Ills  h.is  not  .1  vot  violiloil  to  tho  ipi.iiit  i t .it  ivo  toohniquos  omplovoil 

f ,ii  pio'.ont,  hilt  .1  propos.il  li.is  hi’on  .nlv.inooil  (this  vo.ir's  ooiit  r.iot  ronow.il 

* iloi'iimont  ) to  o liio  iil.it  o ipi.i  1 i t at  i vo  I v in  .1  sorial  s.ioritioo  stiiilv  tho  liislo- 

j l'’|■.io  stops  onoonn  t oil’ll  In  ho.ilini;  sitos  i nt  1 nonooii  hv  oxi'i’.onons  olootrioal 

onironts.  'ho  nn.iiit  i t .1 1 i vo  il.it.i,  howovor,  will  .ilw.ivs  snporsoiio  in  h io  1 oi;  io.i  1 
I imi'or  t .11100  tho  ipi.i  I i t .1 1 i vo  liiuliiiits  hooanso  tho  tniul.iraont.il,  praotio.il  qiios 

i t ioii’i  to  ho  .iiisworoil  .iro:  "Wh.it  .iro  tho  r.itos  .it  wliioh  hono  forms  iluriii); 

111’. il  ini’,  t'loooss  (tiorm.il  .itu!  .ihnorm.i  1 ) ami,  Inrthi'r,  "lioos  tho  olootrio.il 
j I III  I out  -nipi'lioil  oh.nii'.o  thoso  r.itos  s l )',n  i f ioani  1 v .)  mo.iiis  ol  nio.isnt  ini', 

j hono  .10’  rot  ion  r.ito.’.  will  .ilw.ivs  hi’  nooi's.s.irv  in  ofiK’i  to  v.iliii.iti’  anv 

oh’.orvoil  ipi.i  I i t .1 1 i vo  proi  ossos  .issnmoil  to  ho  instrnmontal  in  tho  .1000  1 o r.i  t 1 on 

.’I  hono  lop.iii.  I'lio  o. nit  ion  must  hi’  oxi’ii' I si’il  ilnrini’.  t lio  I iit  or  p I'l' t .1 1 I on  ol 
i|n.i  1 i t .It  i Vl’  stiiilios  not  to  oontnso  hoiii’  ri-p. ir.it  ivo  prooosso.’i  with  romoilo  1 I ni’, 
ot  hono. 

1 Wo  h.ivo  oont  iniioil , .is  in  tho  past,  to  iisi’  r.iii  iogr.iphio  .iiui  h i st .' 1 oj;  i o il.it.i 

! to  monitor  tho  pro,i’,ri'ss  ol  tho  oxporimont.  Tara  1 1 o 1 i ii);  tho  qnant  i t .it  i vo 

I hono  .loorot  (on  stmlios  (with  t ot  r.u'vo  I iiio  laholiii);),  rat  jn  vi_^'’  ;»iul  pr  im.it  o 

lihrohl.ist  t issno  ami  ooll  I’liltiiro  Jji  v i t ro  stiiiiios  woro  ooiulno  t oii  to  inspoot 
I’ort.iiii  .ispoi'ts  of  i-nrront  lovol,  w.ivo  form  .iml  olootroilo  m.iti’fi.ils  as  wol  1 
.0:  to  oxpoiiito  fooilhaok  of  information  to  tho  oxpor  imont  or . 

Molow  is  .1  ilot.iiloil  .looonnt  of  onr  aotivitio.s  thron);h  .hino  lh7S, 


I 


r 


I ii'iu' t I V .1 1 1 I iiu'il  dv>)’,s,  1 0- 1 montlis  ot  llis.  ii'i.il 

liocK  Will'  iillli.'t'il  ill  [hr  ill  vi\'i>  qii.liit  i t .1 1 i Vr  iiUMSiii  rliiriK  ot 

r.ilv. Ilium  drill  ( rrp.iir.  I'lulrr  strlrt  .isrrptir  t rrtin  I i|urs  wltli  t hr  .iiiim.il 
in  1 lir  (11  Iinr  pr.'.ttlnn,  I’.riiri.il  .inrstiirtii  w.is  ,ldni  i il  i s | r ml  .illil  I lir  p.ifirl.il 
tu'iir-;  wrir  ir.irlird  I iir.nii’.h  .1  inidliilr  iiu  islrii  rxtrndlup,  I rum  t lir  rn 
I'l  [ut'rr.iiur  .ili'iip,  t lir  Iriu'.th  rt  t tir  S.lp,  i(l,il  rrrst. 

K.isii.i  .ind  iniisv'U's  wrrr  si'ii.ir.u  t'd  hv  sli.iri>  d i ssi-r  i i on  .ind  rrtr.uird  l.it  iMm  I I v 
I'll  r.iiii  sidr,  I'xpos  iiip,  t lir  I'.irirt.il  hrni's.  Kinir  r i riiimsrr  it’rd  drfi'rts,  ••  mni 
sijii.iir,  wi'fi'  rut  t)iii'ii>;h  t lu’  ri'itir.il  .iiid  si'i'np,v  lionr  into  t lir  m.itrow  ol  r.irh 
hour  usini;  .i  di'iit.il  h-nidpirri-  witii  n ronriirrrnt  I lushing',  ot  t lir  arr.i  w i t li 

l. iiv’.r  voUimrs  ot  (div  s i o 1 op,  i r ,i  1 salt  solution.  IKaiiost  as  is  was  niaint.linrd  in 

t tir  drtrrt  iisin.i’,  llrllo.ini  Thrradi'd  st.iinlrss  stri'l  rlrrtrodi's,  mm  in 

diamrti'i,  with  Is-pu.ipi',  I'l- 1 ! on-r  o.i  t rd  (M),  st.iinlrss  strrl  wiir  att.irhrd 
wrir  il)  in  t hr  r.isi'  ol  t hr  halanrrd  I'lrrtiodr  .svstiMu,  impl.intrii  8 mm  I roni 
t hr  rrntrt  ot  iMrh  drlrrt:  .ind  i-’)  in  t hr  r.isr  ot  t hr  unb.ilanrr^d  rlrrtjvvlr 
svstrm,  oiu'  rlrrtrodr  w.is  impl.nitrd  ■>  mm  from  t hr  rrntrr  ot  thr  drt’i'rt  while 
the  other  w.is  implaiitrd  S mm  t rom  thr  rrntrr  ot  t hi’  drirrt  iii’trr  to  Kit’,.  1). 

Tlirsr  wirrs  wrir  hroii.pht  I torn  thr  rlrrtrodr  sitr  through  thr  musrlr  .ind 
t.isri.i  .ind  tin.illv  rxi'osnl  thronph  a sm.i  1 1 skin  iiiri.sion  on  thr  dorsal  .isprrt 
ol  thr  link  ot  the  .inim.il  .it  thr  tourth  rrrviral  vrrtrhr.i.  lirmostatir 

m. itrri.il  w.is  rrmovrii,  .ind  thr  rntir*'  .irr.i  w.is  .ip.iin  rinsrd  with  l.irpr  volumrs 
ol  s.ilinr  to  ii’iiiovr  drhris.  Musrlr  .ind  i.isria  wrri’  .i|ipro.x  iiii.it  rd  .ind  rlosrd 
usinr.  .ihsorh.iit  I r , silk,  intrrruptrd  suturrs.  .)  sm.i  1 1 roust. iiit  rurrrnt, 

.1 1 1 r rn.i  t i lip  or  pu  I si’d  dirrrt  riirrriit  (lowi’r  siipiilv  (rrli'r  to  Kir..  1')  w.is 
.ill.iihrd  to  thr  .i]t)iroi'r  i,i  t r rlrrtrodi’  ('.lir,  .ind  thr  powrr  unit  w i t li  thr  , iddilion.il 
rin  I rodr  ('.iirs  w.is  wr.ip|trd  in  .i  stri  ilr  drrssinp  .iround  thr  nrrk  ol  thr 
.inim.il.  This  drrssinp  w.is  ('rr  iod  ir.i  1 1 v rrmovni  .ind  rt'['l.irrd  to  rh.iiipi’  rlrr- 
t I I'dr  |>.i  i r.s  .ind  lor  lontinr  insprrtion.  Kullv  rharprd  powrr  sourrrs  .irr 
ulili^’rd  tor  r.irh  hr.ilinp  intrrv.il.  Thr  rurrrnt  oiit|'ut  ol  r.irh  I'owrr  sin'plv 
is  mr.isurrd  (ti  ior  to  its  iisr  .ind  11(1011  its  rrmov.il  t rom  thr  .inim.il.  In  thr  r.irr 
iii’it.inrr  ol  m.i  1 I unr  t i on  thr  d.it.i  irom  thr  hr.ilinr,  drlrrt  involvrd  is  ronsidrifd 
unsuit, it'll’  lor  .111.1 1 vs  is. 

In  (hr  initi.il  srrlr,’;  i'l  rx|'r  r imrnt  s , .1  roust. int  dirrrt  rurrrnt  iron  .1  h.ittm 
opri.ilrd  is'ii’.l  lilt  rurrrnt  ('owrr  sui'i'lv  ot  t1 . 1 0 111  i r r o.imcir  rr  w.is  .i)')'lird  to  ,1 
‘.ri'.ir.itr  rlrrtrodr  (i.iir  tor  r.irh  ot  thlrr  ronsrrut  ivr  14-d.iv  hr.ilinp  inirrv.ils. 
This  srrlrs  w.is  rrpr.itrd  iisinp  1.0  .ind  10.0  mlr  ro.imprrrs . I'lirinp  thr  prriod 
ot  rurrrnt  ,idm  in  i s t r ,1 1 i on  , d.iilv  (divsir.il  rxamiiiation  .ind  wrrklv  hrm.itolopir.il 
.iiid  srrum  rhrmistrv  rv.i  lu.it  ions  wrrr  rrportrd  on  r.irh  anim.il  to  ('rovidr  s|'rritir 
rvidriiri’  ot  thr  t imr  roiirsi'  ol  svstrniir  indirrs  of  hr.ilinp  .ind  to  hrlp  idrntitv 
individu.il  .ihnorm.i  1 i t i rs  . Tr  t r.ir  vr  1 ini'  hvdrorhlor  idt'  ( U')  , .1  l.ihrl  ot  hour 
.it'i'os  i t ion  t'l),  w.is  .idministrrrd  int  r.ivi'iious  1 v fill  mp/kp  tot.il  hodv  wripht) 

.It  1,  1 .ind  ' works  ('osto|irr.it  ivr  Iv , 

I'n  rom(' li’t  ion  ol  thr  rx|>rr  imi'iit  .1 1 protorol,  thr  s.'nd  post  ociriMt  ivr  d.iv,  thr 
.iiiimil  w.is  s.irrilirrd  .ind  .1  I’omplrtr  antotrsv  w.is  prrtormrd,  with  s|'rri,il 
.It  tent  ion  hrinp  pivt'ii  to  .ill  t.ii’tors  th.it  .iii'  rrl.itrd  to  thr  rrp.ir.i  t i vr 
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proc-oss.  Parietal  plates  Including  the  defects  were  removed,  radiographed 
atul  r i xi-d  in  acetone  from  which  ground  sections  were  prepared  for  tetracycline 
I i iiorescent  labeling  analysis  of  the  apposltional  bone  growth.  The  experi- 
mental serii'S  were  designed  to  provide  both  histological  examination  and 
fluorescent  analysis  of  two  distinct  specimens  from  e.ach  defect.  Kach  animal 
affords  .1  total  of  8 defects  tis  depicted  in  Fig.  1.  Four  of  these  were 
<-hosi'n  at  random  as  the  test  specimens,  and  the  remaining  4 were  controls, 
prepared  in  exactly  the  same  manner  as  the  other  4;  but  the  subsequent  admin- 
istration of  current  was  deleted.  Additional  controls  included  animals 
with  defects  but  lacking  implanted  electrodes  in  order  to  determine  the 
potential  effect  of  the  presence  of  stainless  steel  electrodes,  and  animals 
having  both  defects  and  electrodes  hut  lacking  current  administration  at  any 
site  in  order  to  evaluate  the  effects  of  current  spread  from  a test  defect 
to  the  control  sites. 

Analysis  of  100-150  micron-thick , ground,  undecalcified,  calvarium  sections 
w.is  .iccompl  ished  utilizing  a Leitz  fluorescent  microscope  and  an  eyepiece 
micrometer  (Bausch  and  l.omb).  The  mean  of  12  micrometer  measurements  was 
recorded  for  each  defect,  test  and  control  (31). 

Daily  physical  examinations  including  body  temperature,  pulse  rate  and  a 
description  of  the  general  state  of  health  were  maintained  on  each  animal 
throughout  the  experiment. 

All  animals  showed  a minor  temperature  elevation  (less  than  1°  F.)  for  1-2 
days  postoperal  ively  with  a return  to  normal  by  the  third  day.  Pulse  rate 
showed  no  significant  change.  All  animals  were  described  as  appearing  in 
either  g,ood  or  excellent  health  on  the  first  postoperative  day  with  the 
exception  of  three  that  showed  mild  to  marked  edema  in  the  region  of  the 
head  ;md  neck.  This  was  immediately  alleviated  by  loosening  the  bandage 
around  the  neck  of  each  animal  to  allow  adequate  venous  return.  These  animals 
were  then  described  ns  appearing  in  good  or  excellent  health  on  the  following 
morn  Lng. 

At  s.icrifice,  all  animals  were  described  as  fully-developed,  adult  dogs 
in  .•ii>parent  good  to  excellent  health,  each  showing  a completely  healed  inci- 
•sion  extending  anterior  from  the  iccipital  protuberance  along  the  entire 
length  of  the  sagittal  crest. 

The  autopsies  performed  through  a standard  Y incision  showed  all  organs  of 
the  thorax  and  abdominal  cavities  to  appear  within  normal  limits  in  the  dogs 
examined.  On  gross  examination,  all  the  defects  of  the  animals  that  had 
received  current  were  in  a more  advanced  state  of  repair  than  those  animals 
that  had  not  received  current.  Also  by  gross  examination  it  appears  that 
those  defects  having  directly  received  current  in  the  earlier  stages  of  the 
reparative  process  show  slightly  more  advanced  repairs  than  both  those 
receiving  current  in  the  later  stages  of  -repair  and  those  defects  in  the 
same  animal  having  received  no  current.  This  gross  observation  was  confirmed 
by  examination  of  the  post-mortem  radiographs. 
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Thri'f  iliri'i'i  cm  timU  c I I'c  t rucU-  cmif  Ions  h.ivc  been  »'X.ini  I noil  .’it  I 

ilillcrcni  current  li'Vcls.  'I'lu'  ri*sults  of  tlio  .if  on-iiUMii  loiu'd  stiullcs  -iic 
■.iimiii.ir  I /<•<!  In  T.ililc  I.  We  li.ive  extendeil  tin*  recent  work  to  Inclmle  com- 
p.irisons  ol  .1 1 t ern.l  t i np, , direct  .ind  pulsed  illrect  ciirriMit  ef  I ec  t I viniess 
in  enli.incinn  tin-  r.ite  ol  lione  wound  he.lllnp,.  These-  comp, i r I sons  h.ive-  In-en 
m.ide  .It  two  inrrent  li-vels,  1.0  mlcro.impere  ;ltul  0.1  ni  1 c ro.inipefe . Tliesi- 
findinjts  .ire  pri-sented  in  T.ihle  11.  Tlu-  effect  of  time  ol  appl  ii-.U  Ion 
h.'i.-i  been  refineil  .ind  il.it.i  com[i.iri-»l  from  tliri-e  time  interv.ils  (1-2  wk . , 
l--'i  wk.  .ind  ')-b  wk . ) ntfli/.inn  direct,  ti  1 1 ern.it  inj;  .and  pulsed  elirect 
lurrents  (Tabli-s  111  .ind  IV).  ijnanl  i f ic.it  ions  of  d.ita  from  .ill  the  studies 
ennnnu-rated  .ibiwe  is  presented  in  units  of  bone  accretion  (microns)  over  tlie 
exm-r  iment  .1 1 period. 

1.  Kffee-t  ot  Klect_rodi‘_Conl  ijjiijat  ion  _;ind_Ciirre_nt  bevel_s_on  the  Hate  ot 
bone  Healinjj  (T.ible  1) 

b.ilanced  elei-trodi-  i-onf  i >>nr,i  t i oils  .it  two  current  levels,  0.1  miiroampere 
.iiul  1 m i c ro.impe  rt-  show  .in  .ipprox  im.it  i- 1 y two-fold  incri-ase  in  the  .imonnt 
ol  honi-  .iccret  ion  dnrinp,  the  period  of  experimental  st  imn  1 .it  ion . Hotb 
current  U-vi-ls,  fntbermore,  under  tlu-se  conditions  .iri-  not  s i i-ii  i f i c.in  I I v 
different  in  their  .ibilitv  to  effect  r.r.e  i-han>;es.  Inspection  of  tin- 
tible  will  .ilso  show  a ri-mark.ib  1 e rcvi-rs.il  of  effects  at  the  proximate 
.mode  hetwi-en  the  0.1  microampere  li-vel  (11  1 + 7Q>i)  .iiul  the  10  miiro- 
.impen-  levi-1  (llfii’  +•  111  _;ii) . The  c.ithode  iilai'ement  iiroximate  to  t he 
di-lect  showed  an  incre.ise  nniformlv  in  accretion  r.ites  .it  the  threi- 
current  levels  employed. 

. lOleit  of  A I t i-rn.i  t i n^,  I)irect_and  I’nlsed  I)i_ri-ct  Onrri-nt  mi  tlu-  H.ite  ol 
Ihiiu-  lU-.illii[>  (T.ihle  11) 

St.ited  simplv,  .ill  w.ive  forms  eniploved  .ii'i-  capahU-  of  s i p.n  i I i c.int  stiimi- 
I, It  ion  ol  honi-  defi-ct  lu-.'i  1 i up, . Iiidividii.il  comp.ir  i sons  of  AO  to  00,  or 
AO  to  1)0  pulsed,  or  00  to  00  pulsed  failed  to  show  s i p,n  i I i c.int  il  i I I i-ri-iu'e 
lu-twei-n  them. 

1.  I'.ffert  of  App  1 ic.it  ion  Time  .•iiul_l'Jave  Korm_  on_  Hone  Healinp,  with  K.lectric 
Onrri-nts  (Tables  111,  IV  and  V) 

In  .1  previous  report  (Table  IT!)  we  noted  a sipnific.int  enhancement  ot 
healinp  when  an  early  time  period  (1-3  wks.)  w.is  chi'seii  lor  current 
.ippl  icat  ion  versus  norm.il  rates  when  the  current  was  applied  in  a l;iter 
time  period  (A-h  wks.)  followtnp  woundinp,.  Our  recent  1 v-comp  I et  ed 
studies  (Tables  IV  and  V)  have  demonstrated  that  application  at  twi'  earlv 
intervals,  n.imely  1-2  wks.  and  3-A  wks.,  show  s i pn  i f i c.int  incri-ases 
of  hone  .iccret  ion  with  direct  (pulsed)  current  .'ind  a 1 1 ern.it  inp  current. 

A f .ISC  i nat  i up  adii  i t ion.i  1 findinyt  is  that  when  .il  ternat  iiiy;  lurrent  is 
emtiloyed  in  the  l-h  wk . interval,  a significant  enliancenient  I'f  hone 
tormation  oi-cum-d.  This  finding  is  ratlu-r  unexpecteil  in  view  of 
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TABI.K  II 


I M U- r().impi‘r<‘  AHornat  Curront  vs. 

HA4  + 415  >1  4 70  + 218  ;i 

t = 7.410 
I>  4 0.001 
n = 47 


1 M 1 1' roampepo  Direct pvir  rent_  (Pul  sed_) 


87  7 + 495  >1 

t = 3.778 
P m 0.001 
n = 51 


470  + 218  p 


I Microampere  1 Microampere 

A 1 1 ernating  Current  va  . IM_r ep t_  C+ir pen t (JM'Jjp'dJ. 


864  + 415  >1 


876  + 495  >1 


t = 0.245 
P^  Not  SIR. 

11  = 48 

1 Microampere  1 Microampere 

Direct  Current  vs.  Direct  Current  (Pulsed) 


1106  + 682  >1 


877  + 495  >i 


t = 1.155 
P i Not  SIR. 
n = 37 


1 Micro.inipere  1 Microampi're 

A 1 1 rpa 1 1 nj£  Current  \^ . Direct  Current 

864  + 415  >1  1106  _+  682  p 


t = 1.276 
P ^ Not  SiR. 
n = 33 
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TABU-;  1 1 ] 


Karly  vs.  I.at* **-  Application  of  Ifiroct 
to  CMniimscrlboil  Surgical  Defects  In 


Current  (1.0  Mlcro.impere) 
tlie  Dog  Calv.arlum 


'•'K  > 

Conf  ro 1 

*K.i r 1 V App  1 lea t ii>n 
**I..Ue  Application 


BONK  ACCKKTION  DURINC. 
Till'.  JiXI’raf  MKNTAl.  W : 

/,K8  + .>8D 

8D()  + :>')A  >1 

371  + ;i 


t Tost  Control  vs.  Karly  Appl  lc.it  ion 
n = 48,  t = 4.34,  Significant  at  PtO.Ol 


t Test  Control  vs.  Kate  Application 
n = 48,  t = 1.17,  Not  Significant 


*Karlv  .application  periotl  = 1st  3~wk . period  (Wks.  1- 

**Kate  apii  I Ic.at  Ion  period  = l!nd  '5-wk.  period  (Wks.  4-(i 


r 

4 


r 


I 

I 


|)r«‘vli>us  work  in  tills  laboratury  wliU-h  showoil  onlv  early  perlnils  et 
app  I I eat  Inns  el  fee  t I Vi- . 

Wtien  I'xainlnlii)'  the  time  periods  (1-2,  1-4  ami  wks.)  eompaied  to 

eaeh  other  at  1 ni i e roamper*’  direet  (pulst-d)  current,  it  is  evident 
that  tiu'  two  earlier  time  periods  (1-2  ami  1-4  wks.)  do  not  show  a 
particular  advantag<-  i>ne  ovi'r  the  I'ther  (880  + 140  >i  vs.  ‘)24  + 
hut  they  both  yield  a si^nilic.tnt  advantage  over  currents  applied 
in  the  latest  period  (8-6  wks.,  4Ah  + 2db  . 

In  consideration  of  the  data  from  the  1 micro.impere  AC  stiuly,  it  is 
i-c|ually  t'V'itlent  that  enhanced  heal  inn  patterns  exist  with  all  accre- 
tion rates  in  the  three  intervals  elevated  ovt'r  controls.  It  is 
further  evident  that  at  the  middle  time  period  ( )-A  wks.)  healing 
r.ites  .ire  slightly  more  elevateii  though  not  to  a signitic.int  degrei' 
over  the  tlrst  Interval  (1-2  wks.)  but  are  s ign  i f ic.int  1 y elevateii 
over  the  third  time  period  (4-6  wks.) 

In  five  animals  we  created  eight  surgical  defects  but  no  electrodt's  nor 
current  were  utilized.  Tn  an  additional  five  anlm.ils  eight  defects  and 
their  associated  electrodes  were  plactsl  but  current  was  not  applii-d.  The 
bone  apposition  rate  from  these  defects  did  not  differ  s i gn i f leant  1 v from 
compar.able  control  sites  in  animals  which  did  receive  current  application 
in  teat  sites. 

All  data  reported  in  the  t.ibles  were  examined  using  a student  t lest  with 
the  knowledge  that  they  failed  to  meet  all  of  the  assumptions  reipiired 
for  parametric  analysis.  This  method  was  utilized  for  convenience  and  it  was 
assumed  that  the  reported  significance  levels  would  be  lower  with  its  use 
than  with  the  use  of  nonparamet  r ic  analysis.  I’ortlons  of  the  data  wer«‘ 
subsequently  analyzed  using  nonparamet r Ic  analysis  and  in  all  c.ises  t he 
level  of  slgnlticance  proved  to  be  more  significant  than  when  examined  bv 
parametric  analysis. 

Experiments  conducted  from  October  l‘>7b  through  April  l‘>77  utilizisi  the 
same  fundamental  approach  as  those  reported  above  and  wi-re  designed  to 
i-xpand  the  calvarium  model  of  wiuind  healing  to  include  .in  in  depth  histo- 
logic.il  examination  of  the  effi'ct  of  the  application  ot  exogenous  electric 
current  over  an  extended  temporal  period  (Experiment  1)  and  to  investigate 
the  effects  of  lower  current  densities  on  the  reparative  process  in  hard 
tissue  (Experiment  2). 


EXPERIMENT  I 

M/\TER1A1..S  AND  j'lETlUinS 

1 ) 


1 iim)  2) 


tlu-  I'xpor  IrntMUi)  1 moilol  dfsiTlIu'il  iif'ovf  (I'at^f  I,  |>.-iri4>raplis 
( lu‘  1 1>  1 1 ('w  i n;;  woro  oxamlni’d  h I st  o loj;  1 i-a  1 I y . 

1.  C 1 n-umsor  I bod  siirploal  dofoots  roc-olvlnn  1.0  niioroamporo  pulsod  dlroi-t 
iijiroiit  ooiistaiuly  tor  IM  days  post -wiuind  tn>>  iitilizlny,  t bo  utibalaiu-od 

0 I I'o  t roili'  svslom  (oathodo  proximato  to  dofool)  woro  oompart'd  to  similar 
dotoots  tliat  Itad  roooivo>.i  no  st  iimilat  ion  in  a si'qnontial  sorios  at  3,  b , 

12,  and  24  wooks  post-wounding. 

2.  Soot  Ions  ot  oalv.irium  (no  siirnioal  ilotoot)  rooi>lvinn  1 . it  mii-roamin'ro 
pulsod  diroi't  ourront  in  an  olootriido  svstom  ot  idontii'al  >;oi'motrio  itimonsli'ii 
usod  abovo  tor  a porlod  ot  21  davs  post -surn  1 oa  1 olootrodo  Impl.int  woro 
oonip.ir»-il  to  .in.i  lo>>ous  siu-tlons  In  tho  samo  soquont  i.i  1 sorios  dosorlbod  in 
t'.onii  i t iiMi  1. 

1.  il  i ri'umso  r Iboii  surjtloal  dotoois  from  spooimons  bavinp,  I'lootrodos  woro 
ovaluatod  at  tho  otul  ot'  tlio  f>  month  pt*riod. 

4.  i lu'umso  r i liod  sui'nioal  dotoots  from  siu'oimons  bavinp,  oli'otroiios  implantod 
but  bavinn  rooolvod  olootrloal  stimulation  woro  ovaluatod  at  tho  ond  ot 
tho  b month  poriod. 

5.  S<'otions  ('t  calvarium  from  spooimons  having  rooolvi'd  olootrodo  implants 
but  iK>  surgical  dotoots  and  no  stimulation  woro  oxamlnod  at  tho  ond  I’t  tin- 
P month  period. 

(!ond  i t i ons  1 and_  2 

A total  ot  sixteen  animals  woro  oporatod  and  stlmuliitod  l'<'r  twontv-i'no  oon- 
sooullvo  d.iys  post-surgery  with  1.(1  micro. tmpore  pulsod  direct  lurront  utlli/ing 
tho  unb.ilanoi'd  olootrodo  system  (cathode  proxlm.ito  to  dofeotl. 

I'our  anlm.ils  were  s.ioriticed  at  the  end  iif  the  twonty-imo  dav  period,  tour 
woro  sairlticoil  .it  tin.'  end  of  .i  six  week  porlod  post -surgery , tour  .it  tlu* 
ond  ot  twelve  wooks  and  tho  rem.iining  tour  at  tho  ond  ot  twontv-four  wooks. 

This  provldi'd  a total  ot  eight  sites  \u'r  experimental  condition  and  lU'riod 
ot  healing  ti'r  h 1 st  i' log  lea  1 examination. 

ITu'  lest  and  control  sites  from  all  aninuils  having  surgic.il  dt'focts  consist 

01  .1  rectangular  area  of  bone  extending  1.0  millimeter  beyond  tho  l.iti'r.il 
borders  of  the  surgical  defect  and  2.0  millimeters  bovond  each  electrode. 

Tho  test  and  control  sites  of  speclmi’iis  having  no  surgical  defects  consist 
of  a rectangular  area  of  bone  extending  2.0  millimeters  bovond  o.ich  oloc- 
trodt'  pair  ami  3.0  millimeters  laterally  from  an  imaginary  line  connecting 
tho  two  electrodes  (this  area  represents  the  same  area  that  is  examined  in 
those  sites  having  surgical  defects). 


Imi  I 1 nw  1 ii>'.  licc.i  li- 1 1 li'.it  liMi  .111(1  p.iriilllii  cmbccinuMU  , I lie  sftcH  were  .sec  I loitcd 
■ It  ()  miiron.s  p.ir.i  1 1 1' 1 i nj;  the  pliiiu*  connect  Inp,  tlic  two  e I ec  i rode.s  . All 
sections  were  retained,  however,  selected  .sections  were  si. lined  with 
hem.itoxylin  .ind  eosin  and  mounted  for  microscopic  examination. 

Oiu'  section  per  each  one-half  millimeter  of  the  site  were  examined  (.ipprox- 
im.iielv  11-'  sections  pi'r  site). 

(londji_t  ions  J^'> 

llsiny,  the  same  c.ilvarinm  healinp,  model,  three  addition.il  dogs  were 
snhjislisl  to  snrgic.il  intervention  at  the  beginning  of  the  experiment. 

('I  d'i  .ivail.ihle  sites,  <^lght  were  randomly  selected  for  e.ii'h  of  the  following 
conditions;  surgical  defect  with  no  electrodes,  electrodes  with  no  surgic.il 
del('(-ts  .ind  surgical  defects  with  electrodes.  All  animals  were  sacrificed 
.It  the  end  of  .i  24  week  |)erlod.  Specimens  were  processed  in  the  same  manner 
described  for  Conditions  I and  2. 


KXrEKlMKNT  1 


RESULTS  ANO  DISCUSSION 


H i s t o 1 iig  ic.i  1 exaniin.it  ion  of  those  c i rciimscr  ibed  defects  having  received  l.O 
m i c ro.impere  pulsed  direct  for  a period  of  21  days  post  wounding  th.it  were 
h.irvested  on  the  21st  jiost  wounding  showed  more  active  bone  formation  th.in 
in  the  unst  inuilati'd  control  sites.  This  is  evidenced  by  a gre.iter  amount  of 
woven  bone  in  the  electrically  stimulated  regions  .is  well  as  increased 
numbers  of  bone  forming  sites  together  with  increased  size  or  length  of 
sort. ice  involved  in  new  bone  apposition.  The  cells  Involved  are  also  larger, 
tn.'re  cuboid. il  with  prominent  cvtopl.ismic  basophili.i  in  the  stimulated  sites 
in  contrast  to  control  sites  where  frequently  the  cells  are  fl.itter  assuming 
.1  less  .iclivc  li  i St  o 1 og  i ca  1 appe.irance  with  smaller  amounts  of  cytoplasm, 
l•■igure  'lA  .111(1  til.  The  dilferences  between  positive  and  neg.il  Ive  poles  were 
prlm.irily  in  the  degree  ol  inf  lanmi.itory  infiltration  and  hone  f('rmation 
.ibiuii  the  respective  poles.  Consistently  there  was  greater  inflammation 
.iliout  the  .inode  than  around  the  cathode.  Also  evident  was  fine  bl.ick 
gr.inular  material  strongly  suggestive  of  metal  particles  in  the  region  of 
the  electrode  but  primarily  in  the  region  of  the  anode.  The  inflammatory 
inliltration  entered  into  nearby  marrow  spaces  as  well  as  along  the 
superior  periosteum  l.iter.illy  for  .some  considerable  distance  in  the  21  day 
series  of  animals.  Also  noted  was  extensive  periiisteal  bc'iie  formation  in 
the  juxl  .i-electrodo  regions  primarily  about  the  cathode.  Nucli  of  this  bone 
w.is  ill  the  form  of  lamellae  but  in  those  animals  with  more  .activity  st  imu- 
l.ited  osteogenisis  there  is  the  format  icui  of  trabeculae  in  the  conf  igur.at  ion 
111  .1  "T"  extending  perpendicularly  from  the  periosteal  surface.  These  have 
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(>ci‘n  ili-scr  i lii’O  by  b.K'roIx  (JJ)  as  indicating  cxcood  1 n^  I y active  bone  i'ormation. 
Tin'  cxcr»'sct>n<-eK  ot  bone  I liiis  formed  liy  electric  stimulation  strongly  resi'mbU- 
I'xosiosls.  As  one  I'xamliU'd  tin-  lateral  sections  (tbosi-  cut  from  tlie  later. il 
.isiiei  I of  eacli  di'fect  parallel  to  an  Imaginary  line  coniu'cting  the  anode  .ind 
catbotii')  t bt'  following  clianges  were  noted;  Ibere  w.is  bone  formation  on  tlio 
walls  .ind  completely  across  tbe  floor  of  the  defect  of  course  gri-ati'r  in 
amount  in  t lu’  stimulated  sites.  In  some  stimulatisl  sites  bi'iie  formation  in 
the  center  ol  tbe  defect  actual Iv  was  in  excess  of  that  on  tbe  periphery  but 
in  most  inst.inces  the  central  areas  showed  bone  formation  which  lagged  slightly 
behind  th.at  on  the  lateral  walls. 

in  those  c.ises  where  there  was  perforation  of  both  inner  and  outer  tables 
little  or  no  bone  w.as  formed  in  the  area  of  perforation  even  when  electrically 
stimulated  though  bone  was  formed  on  adjacent  areas  where  the  floor  of  the 
defect  was  intact.  Also  noted  was  the  tendency  for  excess  hone  form.ition 
on  the  inner  table  when  the  electrode  was  placed  rather  closer  to  the  Inner 
table  surface. 

Sporadically,  diploic  spaces  and  vascular  channels  shi'wed  apposition  of 
l.imell.ir  bone  on  the  bony  walls  of  these  spaces  which  produced  the  appearanci- 
ol  osteosc  lerosis.  In  some  instanct's  the  formation  was  situated  on  the  walls 
ol  these  spaces  and  in  contact  with  electrodes  in  a manner  suggesting  th.it 
current  flow  m.iy  have  followed  vascular  pathways. 

l)i.'lects  h.iving  received  current  for  21  days  that  were  sacrificed  .it  42  days 
post  wounding  were  more  advanced  or  mature  in  their  healing  than  those  at  21 
d.iys.  The  trabeculae  are  broader  and  many  are  composed  of  lamell.ir  type 
bone  Instead  of  the  woven  bone  prominent  in  the  earlier  periods  of  healing. 
1’eriosti‘al  bone  Is  still  being  laid  down  particularly  about  the  electrodi's. 
Dsteobl.ist  Ic  .ictivlty,  however,  is  leveling  off.  There  .ire  fewer  and  smaller 
areas  ot  bone  formation  with  the  presence  of  less  .active  appearing  osteoblasts. 
The  inflammatory  reaction  around  some  of  the  electrodes  has  c.iused  extensive 
bone  di-struction  in  these  sites.  The  infiltrate  is  polymorphous  containing 
.admixtures  of  neutrophils,  macrophages,  lymphocytes  and  plasma  cells.  The 
.ire. is  of  complete  c.alvarlum  perfor.atlon  as  in  the  21  day  animals  showed  little 
tendency  to  close.  Figure  4A  and  411. 


Defects  h.iving  received  1.0  microampere  pulsed  direct  current  for  a period 
of  21  days  post  wounding  that  were  harvested  on  the  84th  day  post  wounding 
showed  bony  defects  nearly  filled  with  mature  lamellar  bone.  This  was  true 
of  tre.ated  and  non-treated  sites.  Almost  all  the  defects  showed  a slight 
central  depression  which  was  deeper,  in  some  instances  significantly  so,  in 
the  control  sites.  The  control  defects  also  were  more  porous  and  still 
composed  of  thick  trabs  of  bone  while  stimulated  sites  were  denser  having 
smaller  vascular  spaces  and  showed  conversion  to  osteonal  bone.  Considerable 
inf  1 amm.it  ion  was  present  about  many  of  the  anodes  in  which  current  had  been 
.applied.  Figure  SA  and  5B. 


At  lb8  d.iys  sacrifice  the  defects  treated  during  the  first  21  days  with  1.0  jn 
.amperes  pulsed  direct  current  showed  conversion  of  the  tr.abecular  bone  in 
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FIGURE  3 


'omparlson  of  o i roiimscr Ibod  surgical  dofocts  harvested  21  days  post 
iTOunding.  Figure  3A  receivei'  1.0  microampere  D.C.  for  21  consecutive 
lays  post  wounding.  Figure  3B  was  not  electrically  stimulated. 


FIGURF  ^ 


A B 

Comparison  of  circumscribed  surgical  defects  harvested  42  days  post 
wounding.  Figure  4A  received  l.O  microampere  O.C.  for  21  consecutive 
days  post  wounding.  Figure  4B  was  not  electrically  stimulated. 


FIGURE  5 


Comparison  of  circumscribed  surgical  defects  harvested  84  days  post 
wounding.  Figure  5A  received  1.0  microampere  D.C.  for  21  consecutive 
days  post  wounding.  Figure  58  was  not  electrically  stimulated. 


FIGURE  6 


.Sections  of  calvarium  harvested  21  days  post  electrode  implant.  Figure 
6A  received  1.0  microampere  D.C.  for  21  consecutive  days  post  electrode 
implant.  Figure  68  was  not  stimulated. 


t hi'  to  w<’ ! 1 t'riliTt'il  l.inu'll.ir  boiu-  miub  i>l  wliiili  w.is  lii  ilu'  lurm  oi 

V I'll,  i-ii  t i‘ 1 1 I .Kill- 1 1 .tf  or  osli'oil.il  bi'iio.  Tro.iti'il  oiul  controls  showisl  sll>;ht 
klcliross  I on  ovi'i  tiu'  ci-ntr.il  portlmi  it|  the  iK'loct  s 1 i os  .is  w.is  iiu-nt  lonotl 
ibovo  lor  till'  H4  il.iv  poi  loil. 

All-. IS  ot  hono  torm.it  ion  on  t hi-  p<'f  K'st  on  1 hono  snrt.ui-s  stiowoil  .itti’mpts  .it 
ii-mislo  1 i n>’.  .iiul  wore  somowluit  roducoil  in  size  from  tlti'so  olisorvod  at  isirlii't' 
time  I'orii'iis.  i'lu-st-  .iro.is  wori'  often  difficult  to  discern  because  the 
exti-rn.ii  bone  continirs  h.Ki  been  smoothed  lUit  presumably  by  osteoclastic 
activitv.  list  ev'c  lasts  tliemselves  were  not  numerous  on  the.se  surfaces  but 
.iiKs|u.ite  time  was  av.iil.dile  for  t liese  cells  tv'  tiave  madv*  tlu-ir  presenv'i', 
pi'itv'rmed  their  clast  iv-  .ictivitv  and  dis.ippeared  before  v'bserv.it  ion  v v'uld 
be  m.idi’.  Orvlin.irily  I's  t ev'v- 1 as  t ic  -ictivity  durin^t  remv'delini;  is  a much 
nii'i't’  r.ipiii  pji'cess  than  bone  .ippt'S  i t ion . There  may  be  at  least  an  v'rdv'r 
ot  m.imutuvie  difference  in  tlieir  rates. 

11  i st  i' li'p,  i c.i  1 v'x.imin.i  t iv'n  v>t  sectii'ns  of  calvarium  th.it  rev-eived  1.0  miciv'- 
.impvM'e  (nilsed  liirect  current  but  did  not  have  circumscribed  di'tects  tv'r  .i 
pv’fiv'd  v'l  dl  consecut  ivv>  d.iys  pi'st  sur^tic.il  intervention  (st'o  metiu'ds  sei-tii'ii 

p.ifte  7 p.ir.ijtr.iph  that  were  harvested  ui'on  cess.it  ion  of  the  current  slu'wed 

iiiv'iiiul- 1 i ke  I'xcrv'scv'nces  I'f  bone  fv'irmed  about  the  c.ulu'de  on  the  periostv'al 
suit. ices.  riu'se  resembleti  exi'stosis  occ.isii'ii.i  1 1 v fi'und  I'n  the  periv'ste.il 

suri.ues  v'l  bi'ne  in  v'therwise  rtv'rmal  pi-rst'iis  untre.iievi  bv  eK'ctric.il  viiriv'iit  . 

It  is  .issumevl  in  these  Litter  inst.inces  th.it  >;eiu’tic  inlluences  arv'  .it  work. 

In  .ulvlitii'n  tv'  these  r.ither  circumscribed  .ire. is  there  is  .i  more  diffuse 
lucre. ise  in  the  r.itt'  I'f  perioste.il  bv'ne  fi'rm.itlon,  >tre.iter  ne.ir  the  c.itlu'vle 
.nivl  itr.ulu.i  1 ! V diminishing  in  intensitv  .is  the  .inode  is  . ippro. idled . .M'out 
the  .inode  there  often  .ippears  .ictual  diminution  of  bone  growth  .ind/or  fr.ink 
vlv'st  rue  t ii'n  . 

bv'ne  being  l.iid  dv'wn  v'li  the  outer  t.ible  perlv'ste.iI  surt.icv-  v. tries  in  v-har.u' t v'r 
1 ii'in  r.ipivllv  torming  tr.ibecul.ir  bv'iiv'  to  s L'w  1 v fi'rming  iircumferentl.il  l.imelia 
In  the  most  .ictive  sites  per  pend  1 cu  1 .ir  tr.ibeviilae  ot  bone  growth  from  ilu' 
periostv'.il  suri.ices  .ind  gr.idu.illv  .issume  .i  "T"  sb.ipe  .is  ctv'ss  members  sprout 
l.iter.illv  t torn  their  su|'erii'r  aspect.  I’hese  then  fuse  with  those  of  ne.irbv 
t r.ibevu  Lie  aiivl  .1  new  ['i*r  ios  t e.i  I surf.ue  is  cre.ited.  The  marrow  spaces  fv'rmv'd 
beli'w  tlu>  surf.ice  then  gravlu.illv  fill  with  LimelLir  bv'iu'  i'>r  v'steons. 

.Mso  v'bservevl  w.is  the  tendency  tv'r  I.imeli.ie  v'f  bone  to  ti'rm  v'li  t lu’  i.itv’t'.ii 
w.ills  ot  diplv'ic  or  marrow  sp.ices  thus  producing  .i  minor  degree  of  I'stei'- 
sclerosis.  The  tendenev  for  bone  filling  v'f  these  spaces  diminished  as  onv' 
left  the  regii'ii  of  the  c.ithode. 

la'iis  ider.ib  le  inflammation  of  bone  is  present  about  the  electrv'vU'  p.irt  icuLir  ly 
the  .iiiv'de  with  extension  into  the  nearby  diploic  v'r  marr.'w  spaces  and  fv'r 
some  distance  .ilong  the  periosteum.  In  these  earlier  time  periods  the  exudate 
is  predv'min.int  ly  neutrophilic. 

When  stimulated  areas  were  ci'mp.ired  to  sections  ot  c.ilvarium  th.it  went 
unst  imu  l.ited  until  h.irvest  at  the  21  dav  interval  the  tolU'wing  differences 


wort-  maiiifost.  No  i‘xosli>sis  or  lioiiy  exi’rt'srt'iic’os  wori'  to  hf  seen  in 
(in  t ro.it  i‘il  silos,  and  oonoom  1 1 1 an  1 1 y , tliore  was  little  or  no  inflammation 
ahont  the  1 i-o  t rode . In  almost  every  in.stance  the  serations  of  the  sori'w 
oloolrode  oonld  ho  discerned.  Occasional  inflammatory  colls  could  he  seen 
in  somi'  cases  prosoni  in  the  periosteal  connective  lissni-.  This  was  an 
advoni  i t ions  lindinp,  .ind  was  tar  from  consistent. 

Kxamination  ol  the  sections  in  the  region  of  the  neg.itlve  electrode  showed 
th.it  till-  offi'ct  was  carrlisi  to  the  margins  of  rissection  of  the  specimen  site, 
i.i'.  hone  formation  was  diffuse  over  the  experimental  site  being  evaluated 
Init  loncent rated  within  the  space  of  2 mm.  or  so  from  the  electrode;  while 
till'  regions  more,’  proximate  to  the  posit  ivi‘  eli'ctrode  sliowed  diminished  hone 
lorm.ition  or  actual  di'Struction  in  the  per  1 -e  1 ec  t rode  region  associated  with 
a robust  ini  l.imm.itorv  responst>  and  .ippa.'ent  disintegration  of  the  electrode, 
foreign  granular  material,  however,  was  not  as  evident  in  these  sections 
as  in  those  from  later  time  periods. 

Kxamination  of  the  sections  of  calvarium  that  were  cut  lateral  to  the 
imaginary  line  connecting  the  two  electrodes  demonstr.it ed  that  maximum  hone 
tormation  was  occurring  in  the  region  directly  between  the  electrodes  in 
the  stimulated  sections  and  revealed  no  inordinate  degree  r.f  periosteal 
hone  li'-mation  in  the  unstimulated  controls.  Figure  bA  (stimulated)  and 
Figure  (,|i  (control)  illustrate  the  above  observations. 

Those  sections  of  calvarium  receiving  current  for  21  consecutive  days  post 
I'li'ctrode  implant  and  harvested  42  days  post  implant  showed  a conversion  of 
woviMi  t r.ibi-i'u  1 ar  bone  (callus)  seen  at  21  days  to  a more  mature  lamell.'ir  bom* 
with  thickc-r  t rabs  aiul  the  conversion  of  trabeiular  periosteal  bone  to 
c i rciiml  erent  i .1 1 lamellae  on  the  periosteal  surfiice  wlien  com|)ared  to  the 
contr.il  sections  harvesii-d  at  the  k'l  day  Interval.  Histological  il  1 1 f erenci-s 
hi'twi'en  the  posit  ivi-  and  ni‘g.itlve  electrodes  Included  as  usual  a greater 
di'gree  ol  iioiu'  destruction  and  Inflammation  about  the  electroiU'S  with  more 
I'xl  riMiii'  loss  of  bone  about  the  anodes. 

L.iter.il  aspects  ol  1 hi‘  stimulated  sections  showed  extension  of  the  elfects 
to  the  borders  of  the  experiment.il  site.  Effects  gradually  diminish  towatais 
the  edges,  however,  and  are  most  prominent  for  2 mms . or  so  from  the  anode 
when  compared  to  the  same  area  in  the  control  sections.  Figure  7A  (stimulated) 
and  IV,  (control)  illustrate  the  above  observations. 

.Sections  of  specimens  that  were  stimulated  for  21  days  following  the  electrode 
implant  and  harvested  on  the  84th  day  showed  total  conversion  of  bone  formed 
as  a consequence  of  electric  stimulation  to  Lamellar  type  bone.  There  is 
somi’  tendency  for  recontouring  of  the  periosteal  surface  with  slight  diminu- 
tion of  the  periosteal  bine  excrescences  while  their  respective  controls 
were  entirely  devoid  of  discontinuities  and  bony  exostoses. 

Examination  of  the  negative  electrode  showed  as  in  the  other  seric»s  inflam- 
mation about  the  cathode  but  less  inflammation  than  around  tiu'  anode. 


Si'.i(iiiui  I I i>iti  (In'  l.i(<'r.il  I s I'l  ilfli-i'ls  slii'wi'il  ni'wl'’  I nrnicil  Imiii'  will  In 

Nil  If  i'C  iiniu'  w.is  nvUli'iil  In  I'liiilrul  sit  I 1 oiis . Klmni'  (rilillliU'  snilli'ii) 

• uul  Mil  (I.UiMmI  sis'lii'n)  I I lust  I'.K  <‘il  t lu'sc  uhsiTVini  il  I M iTt'mns  . 

i:\. mil  11. It  ion  o(  si'i't  ions  ol  I'.i  I v.ir  itiiii  st  imul.it  oil  lor  ..’1  il.ivs  t o 1 li'w  I iif,  oli'OiioiK 
imi>l.iiit  .iiiil  h.irvi'stoil  on  t lio  iMMtli  il.iv  post  impl.int  stiowml  slight  i rrop.u  1 .tr  i i i i 
ol  till'  pof  iost  o.t  1 sutl.u'i'  ilui'  to  now  hon«'  tonii.it  li'n  .tln’iil  t ho  o.tthoiio  w i t li 
oxtoiision  tow.itil  t lio  .inoilo.  This  hollo  is  l.tnioll.if  hut  tlioro  is  I'Viiionoo  ol 
t ooniit  out' i lip,  .iiiii  .tssoo  i.tt  Oil  with  till’  ptt'soiioo  of  ooo.ision.il  pi.int  oolls. 

Thoii  rospootivo  oontioN:  showoil  no  oh.inpos  I roiii  provioiis  t iiiio  porioils.  'I’lio 
sut'l.ioos  .no  smooth. 

I's. iiiiin.it  ion  ol  t ho  nop.itlvo  olootroiio  sito  showoil  iiioro  hoiio  .ipposition  iio.ii 
tho  .iiioilo.  I'hot  o is  somowh.it  loss  ini  1. imm.it  ion  th.in  in  piovions  t imo  poi  ii'ili. 
hut  thoro  is  still  sonu'  I'ors  i st  lun'o  ot  .in  ini  l.imm.it  liip  ri'.ioiion  .ilunii  thi- 
ol oo  i tiuli's  .iiiii  oviilonoi-  ot  hl.tok  pf.tnul.ir  torolpn  m.it  or  i.i  1 in  t hoso  n-pions. 

foiiip.it  1 son  ol  ihoso  s 1 1 i-s  with  olootroilos  th.it  h.iil  not  hoon  s i 1 mu  1 .it  oil  showoil 
liitlo  or  no  ini  1. tmiu.it  orv  ro. lotions  .ihont  tho  olootroilos  .iiul  lit  lio  ot  no 
now  l.ttiiollar  hotu-  1 outtil  on  poriosto.tl  surt.ioos.  Kipuro  (,st  iniul.itoin  .iiiil 
'•I'l  tunst  imn  l.it  oil)  oomp.iro  t hoso  rospootivo  olootroili*s  hoth  posit  ivo  .niil 
iiop.iiivo.  i'.x.im in.it  ion  ol  si-otions  t.ikon  tf v'lii  tho  l.itor.il  hot. lots  ol  .'itimu 
l.itoii  spoo  imons  showoil  i-xtonslon  ot  i-l  loots  no.trlv  to  tho  liorilor  ol  roso.  t ion 
whon  oomp.troii  with  thoir  rospootivo  oontrols. 

llistoloplo.il  ox.tmin.tt  Ion  ol  surpio.il  iloloots  1 rom  ilops  (li.it  toooivoii  no 
oloottio.il  stimnl.ition  h.irvi-stoil  on  tho  IhStli  linv  post  W'ouniilnp  showoil  no 
iii.it  koil  inoto.iso  in  tho  .imount  ot  ni-w  poriosto.tl,  o i ri'timl  o ron  t i .i  1 l.imoll.ir 
hoiio  nor  siirt.ioo  i rropul.ir  1 1 ios  ilno  to  I'xostosis  lorm.ition.  Thi-ro  w.is 
lorm.it  ion  ot  hono  in  tho  iloli-ots  whioh  w.is  not  .it  this  st.ipo  m.irkoillv 
ilitloront  in  ipuility  .iml  nu.intitv  t rom  stimnl.itoii  silos. 

Whon  oomp. Ill'll  to  tho  oontrol  iloloots  t rom  tho  1 iiH  il.iv  tost  ilops,  no  histo- 
lopii'.il  li  i t I oronoos  wot  o not  oil. 

Tho  .ihovo  iloloots  I rom  tins  t i mu  I .i  t oil  .tnimals,  whon  oomp.iroil  to  tho  s t i mu  1 .i  i oil 
ilotoots  h.irvostoil  .It  1 hH  il.ivs  post  wonitilinp  showoil  litt  lo  liiltoron.o  hlsto- 
lopto.illv  oithof  its  to  nu.ilitv  or  iiuantitv  ot  liono  t’ornii-il  oxoopt  in  t hoso 
.iro.is  notoil  proviouslv  in  whioh  thoro  w.is  oomploti-  port  or.it  ion. 

Ihist  imn  1 .It  Oil  sur.pioal  iloloots  h.ivinp  i-loot  roiii-s  implttntoii  whi-n  oomp.iroil 
to  iloloots  h.ivinp  no  o 1 i-o  t roilos  impl.inti-ii  showoii  no  ossonti.il  li  i I t ot  onoos 
t rom  ono  .inothor. 

Unst  Imn  l.t  t I'll  spooimi-ns  ol  o.ilv.trium  t rom  hotwoon  impl.intoil  olootioilos  wIn'ii 
oomp.iroil  to  tins  t imii  1 .1 1 Oil  surpio.tl  iloloots  I rom  .tnim.tls  roooivinp  no  onrront 
th.it  won-  s. tor  i t ill'll  on  tho  InHth  il.tv  post  snrporv  Viti-ri-  also  simil.ir  in 
thoii  ossonti.il  ilot.iils  to  sorios  in  tho  proooilinp  two  p.tr.tpi  .iphs 
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Sections  of  calvarium  luirvested  AJ  days  post  electrode  Implant.  Figure 
7A  received  l.O  microampere  O.C.  for  21  consecutive  days  post  electrode 
Implant.  Figure  7B  was  not  stimulated. 


Sections  of  calvarium  harvested  84  days  post  electrode  Implant.  Figure 
8A  received  l.O  microampere  D.C.  for  21  consecutive  days  post  electrode 
Implant  and  was  taken  from  the  center  of  the  specimen.  Figure  8B,  from 
the  same  specimen,  is  taken  from  Its  lateral  edge. 


FIGURE  9 


A B 

Comparison  of  sections  of  calvarium  harvested  168  days  post  electrode 
implant.  Section  9A  received  1.0  microampere  D.C.  for  21  consecutive 
days  post  implant.  Section  9B  was  not  stimulated. 


IM_siiissjii_n : I'tilst'cl  dirt‘i't  i-nrifiit  .U  tlu‘  1.0  micro. impon'  U-vi'l  anain 

ilomoast  rat  oil  its  .ibilitv  to  stimulato  boiu-  form.ition.  Tlu-  roiontlv  i>i‘rl  ormotl 
()u.i  I it.'it  ivo,  li  ist  o l<>j;  ii-.i  1 Invt'.st  luat  ion  i-onflrms  previous  tiu.int  i t at  i vo 
stiulios  of  bono  dofort  t\oa  . usln^;  procist*  tot  r;u-vf  1 iiu>  l.ibollin^;  toebn  iipios . 
llouo  prodnood  iirKl»*r  tbo  influonoo  I'l  oloctrii-  oiirront  varies  in  amount  ami 
i-om|)os  1 1 ion  as  a function  of  time  following  .ipp  1 lc.it  ion . K.irly  in  itie  course 
of  wound  tu'.iling  the  new  bono  is  rapidlv  growing  "fibrous"  or  "woven"  bone 
I'omposed  ol  tliin  t r.ilieiu  1 ae  possessing  a m.itrix  of  Interwoven  I'ollagen  libers. 
Most  ol  rliese  trabeciil.ie  .ire  Initially  arr.inged  at  right  angles  to  tin-  di-iCct 
suil.ue.  As  impressive  as  m-w  boiu’  formation  is  in  the  defect  t lu'  growth 
ol  I r.ilu'c-u  I .ii'  I rom  the  perloste.il  ri-gion  .ibout  the  c.itliode  is  remark.ili  1 1- . 

In  I lu-si'  sites  the  form.ition  of  "T"  sh.ipisl  tr.ibectil.ie  indic.iti's  .in  ^•xtremelv 
i.ipid  growtii  r.ite  in  the  initial  21  d.iv  observation  perii'd.  Two  millimeters 
or  so  1 rom  the  electrode  tliis  morphologic  sign  ol  r.ipld  growth  shiiws  dimin- 
ution .iiul  gr.'Kiu.illy  tr.ibecul.ir  boiu*  is  converted  into  lione  character  1st  ii‘ 
ol  slow  growth,  i . I- . c i rcuml  criuit  i.i  1 l.imell.ie  »*xt«>nding  toward  the  margins 
ol  surgical  resei'lion  in  th»‘  experiment.il  site.  Teriosteal  bone  torm.itlon 
stimul.ited  bv  electric  current  m.iteri.illv  exceeils  the  ri-gion.il  .iccelerat  ion 
fihenomen.i  (H.A.P.)  I'ltei't  of  merely  r.ilslng  t lie  periosteum.  A Ioglc.il 
ileduction  .iccount  ing  tor  these  d i f feriMui-s  in  growth  p. it  tern  is  that  the 
r.ite  and  ty|)e  of  boiit'  fornu-d  is  di'pendent  to  .i  I'ons  iderab  le  degree  on  curri'iit 
dens i t y . 

from  iHir  observ.it  ions  of  the  sites  ot  .iccident.il  perfor.it  ions  of  the  c.ilv.irium 
ami  their  relative  l.ick  of  he.iling  it  bec.ime  iibvious  th.it  the  periosteum 
ot  till'  outer  table  tar  exii'eds  the  .ibilitv  for  bone  form.ition  of  tlu'  osti'o- 
bl.istic  cells  lining,  the  surface  of  tin*  iniu'r  table.  This  may  be  due  to 
till’  number  of  ost  eoprogen  i tor  cells  .iv.i  i l.ible  for  recruitment  to  lunctlon.il 
osl  eot)  l.ists  or  m.iy  be  a combin.it  ion  of  this  .ind  genetic  char.icter  1st  ics  ol 
ct'lls  on  these  surt.ices  (Intrinsic  .ibilitv  to  form  bone)  or  vari.itlons  in 
other  exogi'iious  stimuli  of  bone  form.ition  (piezoelectric,  liormomil,  nutri- 
tion.il,  blood  supply,  etc.).  Wi-  do  not  vet  km'w  I hi*  I'xai't  d 1 f I t'riMici-s  in 
how  |)opu  1 .1 1 i ons  of  ost  eob  last  it'  cells  perform  their  lunctions  in  v.irious 
spi'cifii’  .in.itomic  loc.itions,  viz.,  on  the  outer  per  1 ost  i-a  1 , medullary,  osteon. il 
or  *'mlost 1 surf.ices  of  long  bones.  Normally  these  siti‘s  .ire  load  be.iring. 
and  stimul.ited  bv  relativi'ly  higher  levels  ot  piezoelect  r ii-  ai-tivitv.  Tlu-se 
.in.itomic  ditterences  in  rates  ot  he.iling  under  the  Intliu'iii'e  ot  electrii' 
current  stimulation  nei'd  further  eliic  iil.it  ion  expi'r  imiuit  .i  1 1 v . 

Till'  course  of  healing  in  the  later  time  periods  beyond  'i2  days  lol  lowing 
surgery  sliowed  a lessened  formation  rale  and  even  some  regression  of 
periosteal  bone  associated  with  remodeling  of  the  sites  of  exuberant  bone 
form.ition  in  the  "exostoses".  One  can  only  speculate  at  this  time  about 
the  permanent  I'ffects  of  .i  short-term  current  application  at  the  periosteal 
siirt.ice  and  the  possibility  of  maintaining  the  bony  outgrowths  by  periodic 
current  app  I ic.it  ions  to  the  pi'riosteum  in  order  to  maintain  t lie  level  ol 
bone  newly  formed  by  the  initial  current  application.  If  this  newly  I iirmed 
bone  could  lu'  maint.ilned  for  more  than  the  IbW  day  period  this  techiiiiiue 
might  be  useful  for  bone  augmentation  in  a number  of  clinic.il  situ.it  ions 
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ini' I ud  Iny; : bimo  augmentation  over  edentulous  ridgi's,  in  per  ioiionta  1 
int rahony  poekets,  restoration  of  facial  hone  contours  in  l raumat lea  1 1 y 
induced  defects,  l.e.  combat  wi>unds  and  containment  of  bone  loss  in 
osteoporosis. 

Another  Important  observation  deserving  comment  is  the  [iri'sence  of  inflam- 
mation about  the  electrodes  particularly  about  the  anode  occurring  during 
and  for  extended  periods  (up  to  1 4'7  days)  following  the  application  of 
current.  The  passage  of  current  is  apparently  associ.ited  with  breakdown 
ot  the  metallic  electrodes  as  evidenced  by  the  accumulation  of  black 
granul.'tr  foreign  material  about  electrodes.  Ttu*  bre.'ikdown  I'ontinues  even 
after  the  current  application  has  ceased.  Increasing  amounts  of  foreign 
material  builds  up  In  the  electrode  region  over  the  post -current  application 
period  (up  to  147  days)  and  is  associated  with  inflammation  .iiiil  bone  loss, 
'i'liis  change  can  be  ascribed  to  iontophoresis  and  can  be  mitigated  by  the 
use  of  more  biologically  compatible  eli'ctrode  systems. 


EXPERIMENT  II 

MATERIALS  AND  METHODS 


A total  of  ten  animals  for  each  current  level  (0.1)1  and  O.OOl  microamperes) 

• ire  being  examined  using  the  hard  tissue  i_n  vl\n>  system  (see  (iagi‘  1 par;i- 
gr.iphs  I A 2).  Each  ;inlmal  provides  .-i  total  of  eight  experimental  sites 
wblcli  are  used  at  random  in  the  following  manner.  Direct  current  and 
pulsating  direct  current  at  the  same  current  level  are  ajiplied  to  an 
"unba  1 ancetl"  expi-r  imenta  1 site  (cathodi*  proximal  to  defect)  see  Elguri-  I, 
simultaneously,  for  the  period  of  one  week  immediately  following  surp.erv 
ami  then  discontinued.  The  sami'  waveforms  and  current  levels  ari'  applied 
to  two  additional  sites  simultaneously  during  week  two  of  the  re|'arat Ive 
(irocess  and  d i scont 1 nued . This  is  repeated  using  two  new  sites  during  the 
thiril  week  of  the  rep.trative  process.  The  two  remaining  sites  serve  as 
controls.  The  above  protocol  was  followed  on  five  animals  at  t lu'  current 
level  of  0.01  microampere  and  five  anim.'ils  at  the  current  level  of  O.OOl 
microampere . 

In  addition,  a protocol  designed  to  compare  alternating  current  with  direi-t 
current  was  followed.  The  eight  experimental  sites  on  each  animal  were  used 
in  the  following  manner:  direct  current  ("unbalanced"  electrode  svstem, 
cathode  proximal  to  defect)  and  .iltcrnating  curr«'nt  ("balanced"  electrode 
system)  see  Figure  I at  the  same  current  level  was  applied  s Imu 1 t anecius 1 v 
to  two  of  the  eight  electrode  sites  selected  at  random  for  the  first  week 
post-surgery  of  the  reparative  process,  and  then  discontinued,  i'urrent  ot 
the  same  waveform  and  level  was  applied  to  a second  pair  of  randomly  selecti'd 
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slti's  JuriiiK  tlif  second  week  of  the  reparative  process  and  discontinued. 

This  was  repeated  at  two  additional  sites  during  the  third  week.  The 
remaining  »>lectrode  sites  serve  as  controls.  The  above  protocol  was  followed 
on  five  animals  eacli  at  the  current  levels  of  0.01  and  0.001  microamperes. 

On  ci'mpletlon  i>f  the  experimental  protocol,  the  22nd  post-operative  day, 
the  animal  was  sacrificed  and  a complete  autopsy  was  performed,  with 
special  attention  being  given  to  all  factors  that  were  related  to  the 
reparative  process. 

Parietal  plates  Including  the  defects  were  removed,  radiographed  and  fixeil 
in  acetone  from  whicli  ground  sections  were  prepared  for  tetracycline 
fluoresi-ent  labelling  analysis  of  the  apposltlonal  b{>ne  growth. 

Analysis  of  100-150  micron  thick,  ground,  undecalcified,  calvarium  sections 
was  accomplished  utilizing  a Leitz  fluorescent  microscope  and  an  eye  piece 
micrometer  (Bausch  and  Lomb) . The  mean  of  12  micrometer  measurements  was 
recorded  for  each  defect,  test  and  control.  Bone  accretion  was  also 
measured  in  numerous  sites  remote  from  surgical  defects  and  from  areas  of 
current  application  in  an  attempt  to  normalize  the  large  variance  anticipated 
between  animals. 

In  addition  to  the  above,  daily  physical  examinations  including  body  temper- 
ature, pulse  rate  and  a description  of  the  general  state  of  health  were 
maintained  on  each  animal  throughout  the  experiment. 


F.XPERIMENT  II 


RESULTS  AND  DISCUSSION 

The  data  cells  from  Experiment  II  are  not  complete  at  this  writing,  however, 
sufficient  material  has  been  analyzed  to  suggest  that  the  selected  current 
densities  proved  to  be  too  low  to  promote  repair  at  least  in  the  sites 
examined  thus  far.  Individual  data  cells  are  tabulated  in  Tables  Six  through 
Eleven. 

Examination  of  the  following  data  suggests  that  the  current  supplied  at  the 
0.01  and  0.001  microampere  level  had  little  effect  on  the  repair  of  circum- 
scribed surgical  defects  in  the  dog  calvarium.  Upon  completion  of  tlie  data 
cells,  statistical  comparisons  will  be  made  between  the  three  periods  of 
current  application,  the  three  types  of  current  applied  and  the  two  current 
1 evels. 
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TABLK  VI 

0.01  Mlcro.iujpfrc  DIruct  Current 


TABLK  V 1 I 

0.01  Microampere  Direct  Current  (Pulsed) 


lnterv.il  of  Current 
Application  (D.iys 

Post  Wounding) 

1-14 

15-28 

29-42 

Control 

Bone  Accretion* 
in  Microns 

352  + 189 
n = 2 

461  + 226 
n = 3 

547  + 301 
n = 2 

1 

456  + 272 
n = 5 

Bone  Accretion* 
in  Microns 


428  + 196  1 398  + 159  A12  + 282  484  + 282 


n = 2 


n = 3 


n = 4 


* Mean  of  twelve  measurements  + standard  deviation 


TABLE  IX 


0.001  Microampere  Direct  Current 


Interval  of  Current 
Application  (Days 
Post  Wounding) 


1-14 


Bone  Accretion* 
in  Microns 


477  + 194 
n = 3 


15-28 


253 
n = I 


29-42 


Control 


506  + 312 
n = 3 


489  + 237 
n = 3 


TABLE  X 


0.001  Microampere  Direct  Current  (Pulsed) 


Interval  of  Current 
Application  (Days 
Pt)st  Wounding) 


Bone  Accretion* 
in  Microns 


1-14 


15-28 


488  + 207 
n = 2 


470  + 201 
n = 3 


29-42 


Control 


502  469  + 203 

n = 1 n = 4 


TABLE  XI 


0.001  Microampere  Alternating  Current 


Interval  of  Current 

Application  (Days 

Post  Wounding) 

1-14 

15-28 

. 29-42 

. Control 

Bone  Accretion* 

708 

A36  + 198 

373 

496  + 282 

in  Microns 

n = 1 

n = 3 

n = 1 

n = 4 

* Mean  of  twelve  measurements  + standard  deviation 


SUMMARY 


1 1 I t.'it  1 Vf  liistolo>>lral  evaluation  of  those  observations  reported  In 
previous  years  bv  this  laboratory  was  pursued  during  this  eontract  year. 
Dbservat ions  Included: 

1.  Knhanced  bone  formation  stimulated  by  l.O  microampere  direct  pulsed 
current  for  21  days  occurred  in  healing  bone  defects  produced  in  the 
dog  calvarium.  This  observation  was  confirmed  histologically  at  21 
days,  42  days,  84  days  and  168  days  post  wounding. 

2.  Na.xlmum  effects  occurred  in  the  initial  time  period  of  21  days.  Bone 
produced  in  the  defects  and  on  the  periosteal  surfaces  in  juxtaposition 
to  the  electrode  (cathode)  was  essentially  woven  or  fibrous  bone. 

1.  Kffects  varied  with  current  density  and  were  associated  with  differences 
in  the  type  of  bone  deposited.  Highly  active  formation  was  characterized 
by  trabecular  bone  while  more  slowly  forming  bone  was  composed  of  com- 
pact lamellar  bone. 

4.  Prominent  enhancement  of  bone  apposition  occurred  at  periosteal  surfaces 
and  showed  two  basic  patterns;  circumscribed  outcroppings  of  bone 
resembling  exostosis  or  diffuse  increases  in  circumferential  lamellae. 

5.  Complete  perforation  of  tin*  calvarium  in  localized  area.s  of  the  defects 
produced  wounds  showing  only  limited  tendency  to  heal.  Healing  was 
confined  to  regions  of  the  defect  in  which  bone  was  still  present  on 
the  inferior  surface. 

6.  Prominent  inflammation  was  evident  about  the  electrodes  i>ar t 1 cu 1 ar 1 y the 
ani>de.  This  was  also  associated  with  black  granular  foreign  material 
presumably  produced  at  the  electrode.  The  apparent  breakdown  of  the 
electrode  was  progressive  with  foreign  material  seen  even  at  the  latest 
time  period  of  observation  (168  days). 

Additional  studies  were  performed  to  further  evaluate  the  effects  of  lower 
density  electric  current  on  the  reparative  process  in  hard  tissue  in  vivo. 
Data  cells  are  incomplete  in  this  study,  however,  it  would  appear  from 
preliminary  data  that  the  lower  current  densities  were  ineffective  in  the 
calvarium  model. 
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I’KOJKOT  Sl'WlAKY 
l‘)7:  - 1^77 


ri>i'  r»'s»'.Uvh  I'lUltK'il  "K I i‘i- 1 r i i.i  I l'!nl>.iiuH‘mi‘iu  ot  in  Oomliat 

Intiirii’s  to  llaikl  .itivl  Sot  t I'issiii-s"  ii.is  rosiiltoii  in  t tn'  t v' 1 low  i ii^t : 

t!on  t r^i v_t_  Vo.it 1 *■)  7 J - 1 '■>  7 I 

1.  l>ovt- loiimt'tit  ot  .III  oxp»M' inuMit  ,1 1 nn’.K’ 1 o.ip.ihK'  I'l  j^t  .it  i vo  I'valii.ition 

I't  till'  ol  loots  v't  tlu-  .ipp  1 vo.u  ion  »>!  I'xogt'iunis  oltvtrio  I'lirront  ti'  .i 
ho.illn^t  o ill- urns  or  1 Sod  dotoot  in  t lio  do^  o.ilv.irtnm. 

Du-  os  t .il> ! i sliriiMi  t ot  .ill  sur);lo.il.  .inosthotio  .ind  rooovorv  t oilin  i nuos 
lontiirod  ti’f  this  im'dol  woro  dovolopod. 

1.  Impl.intt'd  olootrodos  woro  dosl^iiod  .nui  priuiiiood. 

•'» . t'onst.int  oiirront  powor  siippllos  woro  dosi);nod  .ind  prodiiood . 

Konrtot'ii  .inim.ils,  ton  oxporlniont.il  .ind  tour  oontrol,  woro  opor.itod 
and  ontorod  into  t ho  stiidv. 

h.  A niodol  tiir  tho  ov.ilu.ition  I't  tlu-  .ipplio.uion  oi  oloitrio  oiirront  to 
ho.illnp,  wounds  in  sot  t tlssiio  J_n  v iji^o  w.is  dovolopod. 

7.  A model  tor  tho  ov.i  1 ii.it  ion  ot  tho  .ipplio.uion  I'l'  olootrli-  ourront  to 
ooll  oiiltiiros  In  V 1 1 ro  w.is  doslunod  .ind  dovolopod  Inoliidin^;  uiiiiino 
oi'll  iiiltnro  oh.imhors  th.U  .iro  prosont  Iv  In  iiso  in  si’voral  l.ihorat  or  1 1's . 

.H.  A tlsaio  oxpl.mt  oiiltiiro  svstom  w.is  dovolopod  t ii  tnrthor  ovalii.ito  tho 
ottoots  I't  tho  oontrollod  .ipplio.uion  of  olootrlo  ourront  1 1'  tissno 

I ii  1 1 ni  l' . 

d.  H.isolino  v.iliu's  woro  ool  looted  on  hoth  .iiiimnl  models  .ind  on  tissue 
onlturo  modl.i. 

U'.  The  ti'llowinn  .iro  otforod  .is  suiiini.irv  .ind  oonolusions  for  this  oontraot 
vo.ir : 

"Kxpor  imont.i  1 pri'jtr.ims  are  utidor  dove  lopmotit  to  studv  tho  f_o;i^_i  h.ij.i  t v ot 
usin^t  olootrio.il  ourronts  to  routinolv  onlianoe  tho  repair  of  h.ird  and 
soft  tissues.  Rapid  .iiid  offioiont  .issessmont  depends  on  an  into>;ratod 
.ippro.ioli  involvini’  throe  distinot  programs,  listed  holow,  whioh  h.ivo 
Soon  under  dovolopmont  and  are  now  nuistly  oporat  ioii.i  1 and  produotivo; 

.i)  K 1 00 1 r i o.i  I ourronts  in  h.ird  tissues  in  vivo 

h)  Klootrio.il  ourronts  in  soft  tissues  in  vivo 
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(■)  Kli*t' t r 1 cn  1 currcMils  in  cnll  ami  tissiio  culture's  in  vitro. 


'I’lu'  app  I I cat  iiin  oi  direct  currents  has  been  found  to  Influenc 
repair  in  botli  positive  and  neRative  manners  based  u|)on  the  p 
ilata  to  date. 

a)  Nejj^;itive  Ini  luences.  These  influences  are  restricted  to  the  area 
of  the  aniule  .and  .appear  to  be  co.aRulatlon  phenomenon,  probably  of 
[)rt)tein.ic  ions  material . 

b)  Positive  Injl_luem’jL>s.  in  vivo  studies  of  hard  and  soft  tissue  show 
more  rapid  organization  of  reparative  elements  and  rel.ated  vascular 
phenomena,  enhanced  production  of  ossified  tissue,  and  increases  in 
the  magnitude  of  systemic  Indices  of  healing.  The  results  of 
initial  culture  studies  suggest  electrically  I'ependent  enhancement 
of  mitotic  activity. 

The  positive  Influences  of  electric.al  currents  on  wound  healing  gre.atly 
outweigh  the  negative  influences  in  efficacy  of  effect,  in  tin*  rel.it  i(Ui- 
shlp  to  specific  elements  of  healing  of  deemed  ther.ipeut ic  Importance, 

.'iiul  bec.iuse  such  negative  influences  could  potentially  be  removed  by 
placing  anodal  electrodes  at  remote  locations  .and  in  electric.al  geomi'trles 
j of  low  current  density." 


Contract  ^ear  I 

1.  The  first  cpiant  1 t.at  1 ve  evidence  of  the  electrical  enh.ancement  of  the 
repar.atlve  process  in  hard  tissue  was  reported. 

2.  The  feasibility  of  the  use  of  electric  current  to  accelerate  the 
healing  of  h.ard  tissue  defects  was  established  for  the  first  time 
using  (piant  itat  ive  methods  that  were  worthy  of  st.at  ist  Ic.a  1 .analysis. 

1.  The  relative  influence  of  anodal  and  ctithodal  current  to  the 

rep.arative  process  in  h.ard  tissue  was  quantitatively  evaluated  and 
measured . 

4.  The  effective  period  of  current  application  was  determined  and  reported. 

5.  The  effects  of  three  currents  densities  were  measured  in  the  calv.arium 
model  and  reported. 

6.  The  quantitative  data  reported  from  the  hard  tissue  studies  was 
confirmed  qualitatively  in  soft  tissue  in  vivo  studies  and  reported. 


7.  The  relative  effects  of  the  .anode  and  cathode  were  examined  in  mi'no- 
layer  c«'ll  culture  and  reported. 


viM»  : 

"TIu-  .ipp  I 1>  .It  Inn  I'l  nicctrli  ciirri'nl  I I’r.il  i>  I In-  rnp.ir.ii  Ivn 

proi  i'ss  In  li.Uil  t Issue." 


"riie  optim.il  time  lor  t lie  .ii'ii  1 1 e.i  I 1 on  ol  tills  ivirri’iit  Is  In  the  c'.trlv 
st.i>.;es  ol  t lie  ri'p.ir.i  t I vi’  (iroeess." 


I’l'iitr.iet  Year  1 il/ti-  1^7*1 

rill-  lolli'winp,  was  preseiiteil  lor  puM  teat  ion  .is  part  ol  t lie  .innn.it  siimmarv 

report  I iir  eoiitr.iet  year  1 ‘>74- 1 ‘17 ') . 

Work  eoiiiiiuMevI  I'V  onr  1 .ilior.i  t orv  in  tlie  stiuly  ol  t lie  eleeirii-al  enli.ineement 

>'l  the  rep.ir.it  lv>'  process  ol  h.iril  tissue  li.is  resulted  in  t lu'  lollowinp.; 

1.  rile  ileve K'pmeni  ol  .i  earetnllv  einitrolled  experlment.il  motiel  prodintiv'e 
I'l  i|ii.inl  1 1 .It  I ve  d.it.'i  that  e.in  he  svihle‘'ted  to  rip,ld  statistical  .in.ilvsis. 

.St  .1 1 I St  I c.i  I 1 V s I Kii  1 1 I c.'int  d.it.i  liemonst  rat  ln>>  the  jiosltlve  elli'cts  I'l  the 
app  I I c.i  t 1 on  ol  .in  I’xom'iioiis  eli'i'iric  l•nrrenl  to  tin’  lie.iliny,  wound  In 
li.ii  tl  t 1 ssiie  . 

1.  St  .It  1st  U'.il  Iv  s 1 y,n  1 1 liMiit  dat.i  ilemonst  r.it  1 nn  the  I’llect  ol  electrode 
coni  Ivpir.it  li'ii  when  direct  ^•nrrent  is  adml  n I st  er«'d  to  a he.illnp,  wound 
I n h.ird  I I ssne . 

•1 . St  .It  I St  I C.I  1 I V siy.nil  leant  d.it.i  <li’m<’nst  r.it  inp,  dillereiices  in  the  ellecis 
ol  v.irlcvl  I'lirrent  lieiisilles  when  .ipplled  to  the  he.ilinp  wound  in  h.ird 
I I ssne . 

S.  Sipni  I leant  il.it.i  ilemonst  rat  inp  th.it  .idmlnlst  r.it  ion  ol  exopenons  enrreni 

earlv  In  the  he.ilinp  process  is  niv'ie  elllcacions  th.in  l.iter  .idmiii  I st  r.it  ii'ii . 

t' . St  .It  1 st  I C.I  1 1 V sound  tl.it, I tienii'iist  r.it  inp  no  sipnilii'ant  ellt'i't  hetwi'en 
the  application  t’l  pulsed  tllret'l  t-nrreni  .iiul  .i  1 1 ern.it  I np  t'lirrenl  .it 
the  1.0  mlcrt’ampere  level. 

7.  St  at  ist  it'.i  1 ly  soniul  il.it.i  denu'iist  r.it  inp  no  s ipn  1 1 I c.int  ellect  hetween 
the  .iiltiiinist  r.it  ion  ot  tllrect  .ind  I'lilsed  direct  current  .it  the  1.0 
mlt'ft'.impere  It'vel. 

.S.  ValitI  ohservat  it'ii.s  vet  1 1’  he  ct’iil  I rnietl  hy  st.it  ist  ic.il  .in.ilvsis  iin'lntle 

.0  revets. il  I'l  the  ellecis  I'l  pol.iriiv  .it  hipher  enrreni  tiensitit's  ilnrinp 
the  ailminist  lai  Ion  oi  tlirot't  current;  h)  the  cv  t oi’al  hopen  I c el  iecl  t'l 
hlph-level  tllrect  current  when  .ipplied  to  cell  monolayt'is;  c)  the 
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production  of  periosteal  hard  tissue  excrescences  In  fields  of  hl^h 
current  density;  d)  alternation  In  rates  of  bone  apposition  In  sites 
remote  from  stimulated  areas. 


Contract  Year  1975-1976  (This  contract  year  due  to  delays  In  funding  extends 

Into  1977.) 

Qualitative  histological  evaluation  of  those  observations  reported  In 
previous  years  by  this  laboratory  was  pursued  during  this  contract  year. 
Observations  included; 

1.  Enhanced  bone  formation  stimulated  by  1.0  microampere  direct  pulsed 
current  for  21  days  occurred  In  healing  bone  defects  produced  In  the 
dog  calvarium.  This  observation  was  confirmed  histologically  at  21' 
days,  42  days,  84  days  and  168  days  post  wounding. 

2.  Maximum  effects  occurred  In  the  Initial  time  period  of  21  days.  Bone 
produced  In  the  defects  and  on  the  periosteal  surfaces  In  juxtaposition 
to  the  electrode  (cathode)  was  essentially  woven  or  fibrous  bone. 

3.  Effects  varied  with  current  density  and  were  associated  with  differences 
In  the  type  of  bone  deposited.  Highly  active  formation  was  characterized 
by  trabecular  bone  while  more  slowly  forming  bone  was  composed  of  compact 
lamellar  bone. 

4.  Prominent  enhancement  of  bone  apposition  occurred  at  periosteal  surfaces 
and  showed  two  basic  patterns;  circumscribed  outcroppings  of  bone 
resembling  exostosis  or  diffuse  Increases  In  circumferential  lamellae. 

5.  Complete  perforation  of  the  calvarium  In  localized  areas  of  the  defects 
produced  wounds  showing  only  limited  tendency  to  heal.  Healing  was 
confined  to  regions  of  the  defect  In  which  bone  was  still  present  on 
the  inferior  surface. 

6.  Prominent  Inflammation  was  evident  about  the  electrodes  particularly  the 
anode.  This  was  also  associated  with  black  granular  foreign  material 
presumably  produced  at  the  electrode.  The  apparent  breakdown  of  the 
electrode  was  progressive  with  foreign  material  seen  even  at  the  latest 
time  period  of  observation  (168  days). 

Additional  studies  were  performed  to  further  evaluate  the  effects  of  lower 
density  electric  current  on  the  reparative  process  In  hard  tissue  JUi  v Ivo . 
Data  cells  are  Incomplete  In  this  study,  however.  It  would  appear  from 
preliminary  data  that  the  lower  current  densities  were  Ineffective  In  the 
calvarium  model. 
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